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Rayleigh Scattering Diagnostic for Measurement of Temperature and Velocity in Harsh Environments

Richard G. Seasholtand Lawrence C. Greer TII
NASA Lewis Research Center
Cleveland, OH 44135

Abstract the Rayleigh scattering spectrum. In particular, the
A molecular Rayleigh scattering system for Fabry-Perot interferometer is very sensitive to vibration
temperature and velocity measurements in unseedexhd temperature changes. One way to avoid this
flows is described. The system is capable of makingroblem is to locate the delicate optical equipment in a
measurements in the harsh environments commonlsgemote location having a more benign environment.
found in aerospace test facilities, which may have highror example, in a previous test program in the Lewis
acoustic sound levels, varying temperatures, and higlx15 foot subsonic wind tunrielthe laser (CW argon-
vibration levels. Light from an argon-ion laser ision) was located about 200 meters from the test section
transmitted via an optical fiber to a remote locationand the laser light was transmitted through an optical
where two flow experiments were located. One was #iber. The Rayleigh scattered light was transmitted
subsonic free air jet; the second was a low-speed heattitrough optical fiber to a separate room, where a
air jet. Rayleigh scattered light from the probe volumescanning Fabry-Perot interferometer was used to
was transmitted through another optical fiber from themeasure the Rayleigh scattering spectrum. Use of the
remote location to a controlled environment where dabry-Perot in the scanning mode means that only time
Fabry-Perot interferometer and cooled CCD cameraverage measurements can be obtained. Other Rayleigh
were used to analyze the Rayleigh scattered light. Goatattering diagnostics use the Fabry-Perot in a static
agreement between the measured velocity and thmaging mod&® where the Rayleigh scattering
velocity calculated from isentropic flow relations was spectrum can be obtained with a single laser pulse.

demonstrated (< 5 m/sec). The temperaturdHowever, this technique required that the Fabry-Perot
measurements, however, exhibited systematic errors and image detector be located close to the measurement
the order of 10-15 %. region. Operation in high-noise environments requires
use of an acoustic enclosure.
Introduction In this paper, we describe a new technique where

Molecular Rayleigh scattering offers a means tothe light from the measurement region is transmitted
measure gas flow parameters including densitythrough an optical fiber to a remote location. Light
temperature, and velocity. The Rayleigh scattere@xiting the fiber is imaged through a static Fabry-Perot
power is proportional to the gas density, the spectrahterferometer onto an image detector, in a manner
width is related to the gas temperature, and the shift isimilar to the previously developed planar Rayleigh
the frequency of the spectral peak is proportional to onecattering systems. However, because the light is
component of the bulk velocity. Since Rayleightransmitted through the single optical fiber, the one-to-
scattering is a molecular scattering process, no seedirmne imaging characteristic is lost. The described system
of the flow is necessary. It thus finds application inthus measures the flow parameters at a point. No
measurement situations where it is not possible to seextanning of the interferometer is used, which means that
the flow, or where seeding is not feasible because dhe measurement time is determined only by the time
contamination concerns. The technique has beeneeded to detect sufficient photons to give the desired
successfully used in a variety of applications includingmeasurement accuracy. The source laser can be either
free jetd?® rocket exhaust plumés and wind a CW laser or a pulsed laser. Use of a single laser pulse
tunnels*®. will give instantaneous measurements. If a CW laser is

Many applications of Rayleigh scattering used, the laser light can be transmitted to the test section
diagnostics are in test facilities, where the environmenthrough an optical fiber. Unfortunately, the damage
near the test section frequently has high acoustic noigbreshold of currently available optical fibers is less
levels, mechanical vibrations, and varying temperatureghan the pulse energy (~ 1 J) of Q-switched lasers
This environment is not conducive to the stablecommonly used for Rayleigh scattering diagnoétics
operation of some of the equipment used for measurinhis means that either conventional optics, or fiber
optics bundles, must be used to transmit the light from
pulsed lasers to the test region.

" Senior Research Engineer, Member AIAA
T Electronics Engineer
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In addition to providing a means to make the (linearly polarized) incident light and the direction
measurements in harsh environments, this techniquef the scattered light. Generally experiments are
should result in more accurate measurements than thoaeranged so the incident electric vector is perpendicular
previously obtained using a light sheet because an entite the scattering plane (i.es“type) andy = 90°; for
circular fringe is used. This means any shift of thethis situation the scattering is independent of the
center of the fringe will not result in errors in scattering angle. However, if the electric vector is in
temperature and velocity. This problem is suspected ahe scattering plane (i.e.p™ type), the scattering is
the cause of errors in previous wdik a free jet where dependent on the scattering angle and approaches zero
the velocities obtained from opposite sides of a fringeat a 90 scattering angle.
were symmetrically shifted from the actual velocity. The Rayleigh differential scattering cross section
Use of optical fibers also simplifies the simultaneousis related to the index of refractian of the gas by
measurement of two or three velocity components.

do | _ 4m? 2
Theory (E) RiETse (-1 (2)

Molec_ular Ravle|gh s_cattenng . . wheren is the number density of the gas. Published
Rayleigh scatterifyis a result of interaction of an . 910,11 L

S ) tabulation$ of refractive index data are useful for
electric field with an atom or molecule. Because the

. . ctalculating Rayleigh scattering cross sections.
wavelength is much larger than the size of a molecule, a g Raylelg 9
dipole moment is induced that oscillates and radiates % . .
ayleigh scattering spectrum

the frequency of the incident field. This is an elastic The Rayleigh scattering spectrum is usually

scattering process, where the internal energy of thg . . .
. xpressed as a function of a non-dimensional frequency
molecule is not changed, so the frequency of the . . -
: . . .~ xand a non-dimensional collision frequercy
scattered light is equal to the frequency of the incident

light, altered only by the Doppler effect due to the on(f-1)

motion of the molecules. Because of the random spatial X=——"= y=—— )
Ka nKa

distribution of the molecules in a gas, the total intensity

of the scattered light from a volume of gas is the sum of ) ] )
the intensities of the light scattered from the individualVN€réf-fo is the frequency shift of the scattered light

molecules. At low gas densities, molecular interaction£€lative to the frequency of the incident ligptjs the
are rare and the Rayleigh scattering spectrum i§aS Pressure,q is the shear viscosityK =
determined only by the molecular velocity distribution; (47¢A)sin(642) is the magnitude of the interaction wave
for the usual Maxwellian velocity distribution, the VECtorK =ksko (with ko andks being the wave vectors
spectrum is Gaussian. However, at higher gas densit@f the incident and scattered lighg is the scattering
the molecular motions become correlated and th@ngle, and a = (T/m" is the most probable
character of the spectrum changes. The spectrum capplecular speed (witk being Boltzmann's constarmt
be analyzed either by considering the scattering fronthe molecular mass, afdthe gas temperature). Thxis
the individual molecules with proper accounting of theand y are the optical frequency shift and collision
collective effects or by considering the scattering adrequency (-p/n) normalized with respect ta, which
being caused by fluctuations in the gas density. is on the order of the frequency of a sound wave in the
For a gas with number densityilluminated by a  gas with wavelengttl; = 2r7K. (Note thata = (24)"?

laser with wavelengtihi and energ¥, , the number of Cs, Wherec; is the speed of sound anglis the ratio of
detected photoelectrons is specific heats.) Alternativelyy can be interpreted as

the ratio of the acoustic wavelength involved in the

eE,NLA Q(do) ., scattering/\s, to the molecular mean free path.
:—(—jsm X @) For a single-component, low density gas, where
hc dQ ’ '
y<<1, the normalized spectrum of the Rayleigh

wherelL, is the length along the beam of the scatteringsc"mered light is given by the Gaussian

volume, Q is the solid collection angle,is the overall 1 2

collection efficiency (including the detector quantum X dx:ex;{—( x—u—K) }dx (4)
efficiency), h is Planck’s constant; is the velocity of Vr a

light, do7dQ is the differential scattering cross section, The spectral width is proportional to the square root of
and x is the angle between the electric field vector ofthe gas temperature. And the spectral peak is shifted by

Neg
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a frequency proportional to the component of the bulkvhere ¢ is the phase change (neglecting any phase
velocity in theK direction (i.e.ux =K-u/K). change on reflection) of the light between successive

Note that in this limiting case for low density reflections given by
gases, the spectral shape is not a function ofythe
parameter. However, for higher density gases (where W (f,0,)=
~ 1), the spectrum is no longer Gaussian and is a
function ofy. Fory >> 1 (high density gases), the
scattering spectrum is strongly influenced by collectiveHere, u is the refractive index of the medium in the
effects and is characterized by a central peak and twoabry-Perot cavityd is the Fabry-Perot mirror spacing,
sidebands. The sidebands can be thought of as beiflis the angle between the ray and the optic axisfand
caused by scattering from thermally excited randont 1/(sirf(TV2Ng) whereNg is the effective finesse. The
acoustic waves and is referred to as the Brillouinimage of a monochromatic extended source located in
Mandelstam doublet. A continuum thetfrgan be used the object plane consists of a series of unequally spaced
to model the spectrum here. The spectral shape in th@@ncentric rings. With the innermost fringe located on
regime is only a function of theparameter. However, the optical axis (i.e., having zero radius), the other
the spectrum in the transition regime, wheré] 1,  fringe radii occur a8, , = (NAJd)"? forn=1,23, - -,
requires a more detailed kinetic theory. We used thélote that although the fringes are unequally spaced,
Tenti S6 modéf for this work. This model requires the their frequency separations are all equal to the free
shear viscosity, the thermal conductivity, the internalspectral range=SR=c2d.
specific heat, and the bulk viscosity of the gas. In all  The phase i in the Fabry-Perot instrument
cases, the Rayleigh scattering spectral shape is fanction can be written as a first order approximation in
function of the gas thermodynamic properties, whichterms of the non-dimensional frequencydefined in
forms the basis for a diagnostic to measure gas densitihe previous section) as
temperature, and velocity.

Figure 1 shows typical spectra calculated using the Y(x)=a+ax (7)
Tenti S6 model. Note that for nitrogen at ambient
conditions p = 1 atm,T = 300 K ), using 514.5 nm where the first term represents the contribution due to
laser light, and 90 scattering,y = 0.77, the simple the change in phase (relative to the phase along the
Gaussian spectral model is not appropriate. For thessptical axis) resulting from the optical path length in the
calculations we used the shear viscosity and thermahterferometer at anglé , and the second term is due to
conductivity provided by the FLUID progrdfnand the  the change in the frequency. These terms can be written
bulk viscosity value was obtained from the literattire

In our work with air, we used air values for shear Brz A a 8
viscosity and thermal conductivity, the mean molecular & :"Uop_wo7' & :4/0/\—— (8)
weight of air, and the nitrogen values of internal ith
specific heat and bulk viscosity. Although this is not

4rrf u dcosB, 6)
c

strictly correct (since air should be treated as a mixture 4rdl 4l
of gases), we believe that it does not result in significant y,= 3 <, Yo, = moc{T 2‘[} 9)
errors. °

The Rayleigh scattered light collected from one ) o
vantage point contains sufficient information to Because of the first order approximatiai,need only

determine the gas density, temperature, and onge the characteristic mirror_ spacing_(i.e., it does not
component of the bulk velocity. (Spectra measured at€€d to be the actual, high-precision value of the
other K vectors would give other velocity SPacingdused in the expression fg,).

components.). An example of a typical Fabry-Perot instrument
function is shown in figure 2. The transmission of a
Fabry-Perot interferometer single frequency source is plotted over several orders as
The Fabry-Perot instrument function (transmission? function of x. The parameters used are those of the
of a single frequency sourcejds experiment described below.
W -1 Measurement of spectrum with Fabry-Perot
Il (W) = [1+ Fsinz(—ﬂ (5) Light passed through the  Fabry-Perot
interferometer is filtered by the interferometer

instrument function. If the light is detected with an

NASA/TM—1998-206980 3



array detector, we can write the number of detectedariance of the estimate of a parametgr (e.g.,

photons for they" pixel as temperature or velocity, etc.) is given by
1 ..° u V(a)=[r"] (11)
<N.>=—"— X——K,Q I ii
= aal [[asocor 4
+A0( x)] 1..(x6.) dxdAd + % wherel is the Fisher information matrix with elements
where Npg> is the number of detected photons for the r = z 1 d<NDq> d< NDq> (12)
O Pixel, AA is the pixel aready is the amplitude of L4 <|\|D> da, da,

Rayleigh scattered ligh#y is the amplitude of the stray

scattered Ias_er light, and, represe_nts broadband For a Gaussian spectrum (y<<1), the lower bounds for
background light. Examples of typical Fabry-Perot . ) .
density, temperature and velocity uncertainties are

images are shown in figure 3. Only the innermost fringe
is displayed, which corresponds to the experiment v . v
described below. Figure 3a is the image for singlewz(i) , ﬂz(i) , U(”K)=(3J CH
frequency laser light, and figure 3b is the image for N T N UK V) Mc(2Ne)

Rayleigh scattered light. . .
For the general case, the three integrations showWhere Nris the number of detected photons apdis

in equation 10 must be carried out. However, we ma)ZE velrc])aty compor&gnt &Ionﬁ the t\)/eclor(wnh M
simplify this by making the following assumptions. eing the corresponding Mach number).
First, the integration over the solid andle may be

replaced by the angles defined by the incident andE_p_xam le: . . -
o We consider an example using parameters similar
scattered beams. This, in effect, assumes that

broadening of the scattered spectrum is negligible. F to the experiment discussed later. For air at 300 K and

0 : : .
the work presented here, the convergence angle of th{e“"7 psia, with 200 mW of 514.5 nm laser light and a 1

incident beam and the solid collection angle are suchc¢ EXPosUre, a probe vqu_me Ie_ng;h=1.5 m(:n,f/6
thatK vector broadening is negligible. collection optics, and collection efficieney= 10 %, the

The second simplification we make is in the number of detected photons (from egNkjs 2.9 x 16.‘
integration over each pixel. We replace this integralThus the lower bound on the measurements, using an

with a single value obtained by evaluating the'deaI m/StrEn(;e(?Sté ‘j/f de-T-SIEy(’) tle?:n Eeratg e an_dov;z;ocny

expression at the center of the pixel. Alternatively, Wear/eo(p) %; ) OthO( )=0. b ' anh_o(u%—_ ' i

can use a numerical integration over the pixel whic sec. L course, this cannot be achieved in practice
ecause it only includes the uncertainty due to photon

uses nine points within the pixel. Since the results usin tistical noi Making th £ with |
these two schemes show only minor differences, we u austical noise. Making the measurement with any rea
gstrument will result in larger uncertainties. However,

the single point scheme to reduce computer processir .
time ge p P P i does show the potential for very accurate
' measurements based on molecular Rayleigh scattering.

We can also calculate the lower bounds for

Since Rayleigh scattering is a relatively Weakmetalsuren:ent Léqcertaanei u:mt? aPmodth Iorfthe ac:ual

process, the uncertainty in the measurements often is dgptrument used in our wor (Fabry-Perot interferometer
r];Iamd CCD array detector). We assume that the collected

by the photon statistical noise (shot noise), whic T . .
dgterminzs the lower bound( on meag,uremen ght is distributed over a 95 pixel diameter (about 7000

uncertainty. For example, the variance in the number o{i{‘(els) on the CCD  After the filtering of the light by

(13)

Lower bounds for measurement uncertainty

photoelectron counts for a Poisson process is equal etFabry-Perpt IS takeg tmtto da%count, habo_utl 4?0
the mean number of counts. Thus the lower bound fopdg.tc.ms t(Tr?X'UE])t areh te ecte y ela((; ggg nd
the relative uncertainty in the measurement of gag tion to the photon Shot noise, we include rea

densityp is equal to the square root of the reciprocal of?O'Sf_ of _2 phbotoelecttr_onsl(;rr;s. thUsmg the model
the mean counts. unction given by equation or three parameters

>t)amplitude, temperature, and velocity) with zero

In general, estimates of the measuremen .
uncertainty for the technique can be obtained b ackground and zero stray laser light, the lower bounds
given by equation 11 are shown as a function of

calculating the Cramer-Rao lower bothd The
g interferometer finesse on figure 4. This shows that the
optimum finesse is about 10. (The reason that the

NASA/TM—1998-206980 4



optimum finesse occurs at a relatively low finesse is thatight from the output of the fiber is collimated by lens
higher resolutions decrease the number of photonk7 (focal length 100 mm) and passed thgb a planar
transmitted through the interferometer, which causes imirror Fabry-Perot interferometer (70 mm mirror
increase in the photon statistical noise). At the optimundiameter, 15.24 mm mirror spacing [9.84 GHz free
finesse, the uncertainty for a temperature measuremespectral range]) operated in the static, imaging mode,
is about a factor of four larger than the uncertaintyand focused by lens L8 (135 mm, 35 mm camera lens)
found above for an ideal instrument. And, theonto a liquid nitrogen cooled CCD camera (1732 x 532,
uncertainty for a velocity measurement is about a factot5 um square pixels). The lens L2 (100 mm focal
of six larger that than of an ideal instrument. length) and lens L3 (135 mm focal length) were
Other potential error sources that can broaden thselected so that the light emitted from the optical fiber
spectrum, thus affecting the temperature determinatiorforms a 1.35 mm (90 pixel) diameter image.
include aperture broadening due to the rangeKof Additional optics were included to provide for a
vectors across the receiving optics aperture andeference image consisting of light at the unshifted laser
broadening caused by turbuleficdn addition to these frequency. To accomplish this, several components
fundamental error sources, increased measuremeobuld be placed in the optical path. Mirror M reflected
uncertainty results from various environmental effectdight from the 200um fiber, which was focused by lens
such as temperature variations, high acoustic noise6 onto a diffuser DIF located in front of the 1.0 mm
levels, and vibration. In our measurements, it alsdiber. Diffusely scattered laser light then entered the
appears that speckle may contribute to the overall noisfiber. A neutral density filter NDF could also be placed

seen in the Rayleigh scattering images. in this light path to reduce the intensity of the reference
light. The mirror M , diffuser DIF, and neutral density

Experiment filter were mounted on remotely controlled pneumatic

linear actuators. Finally, a prism assembly could be

Apparatus placed in the light path between the Fabry-Perot

The optical setup used for this study is shown ininterferometer Fabry-Perot interferometer and the CCD
figure 5. The beam from an argon-ion laser (514 nmgamera. This served to direct light into a standard video
0.5 W) is focused by lens L1 (focal length 100 mm) intocamera. The video signal from this camera was
a multimode 20Qum core diameter, 20 m long optical digitized by a frame grabber card in a 486 PC. A
fiber. This fiber is routed from the room containing thecomputer program analyzed this image and generated
laser to another room where the experiment is locatedignals to control the Fabry-Perot mirror alignment.
The laser light exiting the fiber is collimated by lens L2 The prism assembly, which was located in the room
(focal length 160 mm). The collimated beam is passedith the operator, was manually positioned. The other
through a polarizing beam splitter PBS which onlycomponents, which were located in the room with the
transmits light that is linearly polarized with electric experiment, were remotely controlled by the operator.
vector normal to the plane of optical table. The light The procedure for taking data was as follows. The
reflected upward by the beam splitter is directed into grism assembly, mirror and diffuser were placed in the
light trap (not shown on figure). This light would not beam path. The automatic Fabry-Perot interferometer
contribute to the Rayleigh scattering signal since thalignment system was operated to maximize the finesse
plane of the Rayleigh scattering is in the plane of thend to lock the reference fringe at a specified diameter.
table. It could, however, contribute to detected strayost of the data was taken with a reference fringe
light if it is depolarized when scattered from surfacesdiameter of 45 pixels. When the operator was ready to
near the probe volume. The beam transmitted by thtake data, the prism assembly was removed from the
beam splitter is focused by lens L3 (focal length 20(beam path and the neutral density filter was placed in
mm). The beam diameter at the probe volume is thuthe beam path. The reference light (fig. 3a) was then
about 0.25 mm. The measured laser power delivered timaged by the CCD camera. This image was stored on
the probe volume was 200 mW. Rayleigh scatterec 686 PC. The mirror M and diffuser DIF were then
light is collected by lens L4f/6.5, focal length 250 removed from the beam path, allowing the Rayleigh
mm) and focused by lens L5 (focal length 160 mm) intoscattered light from the probe volume to be imaged
a 1.0 mm core diameter, 20 m long, optical fiber. Thehrough the Fabry-Perot onto the CCD camera (fig. 3b).
length of the probe volume is thus about 1.5 mniThis image was also stored for later analysis. Only a
(defined by the image of the 1 mm fiber at the200 pixel square region of the CCD was used for these
measurement region). The 1 mm fiber is routed back tomages to reduce the computer storage requirements.
the room containing the laser and detection system.

NASA/TM—1998-206980 5



Two experiments were conducted. The first usedised for both the reference and Rayleigh scattering
a subsonic air jet (shown on figure 5). The nozzle exitmages. Reading numbers 1 to 8 and 17 to 21 were for
diameter was 8.7 mm. A Ofn filter was used in the zero velocity. The other data were for velocities in the
air supply to eliminate particulates. The pressure in theange of 200 to 300 m/sec. The reference fringe
nozzle plenum was measured with an electronidliameter was set at 40 pixels for readings 1 to 28, 45
pressure gauge, and the plenum temperature wamxels for readings 29 to 32, and 50 pixels for readings
measured with a copper-constantan thermocouple33 to 36. The probe volume was located 14.5 mm from
Isentropic flow relations were then used to calculate théhe nozzle exit for readings 1 to 16, and 16.5 mm for
jet temperature and velocity. readings 17 to 36. The velocity calculated from the

The second experiment used a low-speedneasured total temperature and total pressure are
electrically heated air flow (11 mm dia.) surrounded byshown. The velocities obtained from the Rayleigh
a co-flow (52 mm dia.) of room temperature air. Filtersscattering measurements show very good agreement
(0.2 um) were used for both the heated air and the cowith the isentropic velocities, with the mean deviation
flow air. All reported measurements were taken 9 mnirom the isentropic velocities for the 36 measurements
from the exit plane of the heated jet. The heated jet waeing -0.4 m/sec.
located above the probe volume with the flow directed The temperatures obtained from the subsonic free
downward (not shown on figure 5).. The velocity jet images along the temperatures from the isentropic
component seen by the Rayleigh scattering system wdlow relations are shown in figure 7. Note that the
thus essentially zero. The temperature at the probggreement is not good. The Rayleigh scattering
volume was measured with a 0.010 inch diametetemperatures are biased high by about 30 K.

copper-constantan thermocouple. Velocity data for 1 and 10 second exposures for
the low speed heated jet are shown in figures 9 and 11.
Data processing The mean deviation from the true velocity (essentially

The reference image (fig. 3a) was first analyzedzero for these measurements) is about -5.4 m/sec for the
using a weighted, nonlinear least square fitting routinel second exposure data (fig. 9) and about -3.9 m/sec for
After the average dark image (obtained from 10 imageshe 10 second exposure data (fig. 11).
was subtracted from the reference image, a circular Temperatures obtained from the heated low-speed
region of 95 pixel diameter was analyzed using a fivget are shown in figures 8 and 10, along with the
parameter fit to a model function based on the idedlemperatures obtained from the thermocouple
Fabry-Perot instrument function (eq. b5). Themeasurements. These do not show good agreement.
parameters were the amplitude, the finesse, the fringehe temperatures obtained from the Rayleigh scattering
radius (interferometer phase), the coordinates of thanages are biased high with respect to the thermocouple
center of the fringe, and the uniform background leveldata by 10 to 15 % . The explanation for this is not
The noise was modeled using a ratio of photoelectronssompletely  understood. Note that temperature
to-CCD counts of 4.5 and an rms read noise of dneasurements are sensitive to the shape of both the
photoelectrons. The photoelectrons were assumed feabry-Perot instrument function and the Rayleigh
have Poisson statistics. scattering spectrum. On the other hand, velocity is not

The Rayleigh scattering images were thenparticularly sensitive to the spectral shape since only the
processed using a five parameter fit to a model functiofocation of the spectral peak is needed. There are
(eq. 10) based on the S6 Tenti specifuover a 95 several possibilities for the errors in the temperature.
pixel diameter region. The interferometer finesseOne is that the model for either the Fabry-Perot
fringe center, and fringe diameter obtained from thenstrument function or the Rayleigh scattering spectrum
reference image fit were used. The fitting parameterés not realistic. For example, a uniform background is
were the Rayleigh scattering amplitude, velocity,assumed in the reduction of the Rayleigh scattering
temperature, stray laser light amplitude, and unifornrimages. The temperature obtained is a very sensitive
background. The total processing time on a 166 MHZunction of the value of the background level. Figure
586 PC was about two minutes for each imagel2 shows four parameter fits obtained with the
However, no attempt was made to optimize the softwarbackground fixed. A small deviation in the background

to reduce the processing time. can cause large changes in the temperature. This may
be caused by the region over which the fit is done being
Results only a fraction of the free spectral range. Better results

Velocity data obtained from the subsonic free airmay be obtained by using a more accurate model, or by
jet are shown in figure 6. One second exposures wengsing a larger fitting region that encompasses a greater
part of the free spectral range.

NASA/TM—1998-206980 6



Concluding remarks Flow”, Eighth International Symposium of Applications
L . ; w”, Ei i y iu icati
The application of molecular Rayleigh scattering of Laser Techniques to Fluid Mechanitisbon, July

for velocity and temperature measurements of gas flows 8-11, 1996. (Also NASA TM-107323).
was implemented using a planar mirror Fabry-Perot 4 Seasholt’z, R.G., Zupanc, F.J., and Schneider, S.J.,

interferometer operated in the imaging mode with a "Spectrally Resolved Rayleigh Scattering Diagnostic for
cooled CCD camera. Light from an argon-ion laser was Hydrogen-Oxygen Rocket Plume Studiek”,
transmitted via an optical fiber to a remote location Propulsion and PoweiVol. 8, No.5, 1992, pp. 935-
where the experiment was set up. The Rayleigh 942.

® Seasholtz, R.G., Buggele, A.E., and Reeder, M.F.,
“Instantaneous Flow Measurements in a Supersonic
Wind Tunnel Using Spectrally Resolved Rayleigh

scattered light was transmitted through another optical
fiber to the room where the Fabry-Perot and CCD

camera were located. This arrangement demonstrated Scattering, SPIE International Symposium on Optical
the capability of placing sensitive equipment in a Science, Engineering, and InstrumentafiSan Diego,
controlled environment, while making measurements in July 9-14, 1995.
harsh environments. ®Kourous, H.E., and Seasholtz, R.G., “Fabry-Perot

Two flows were examined. The first was a sub- Interferometer Measurement of Static Temperature and

Velocity for ASTOVL Model Tests"FED-Vol.1, Laser

sonic free air jet. Velocity measurements obtained with o
Anemometry - 1994: Advances and Applications,

the Rayleigh scattering system showed very good

. et . . ASME 1994.

agreement with velocities calculated from isentropic 7 Angerson, D.G., et al., “Fiber-optic-bundle delivery system
flow relations. On other hand, the temperature for high peak power laser particle image velocimetry
measurements did not show equally good agreement. illumination”, Rev. Sci., InstrumYol. 67, No. 8, 1996,
The second flow studied was a low-speed, heated air . pp. 2675-2679. _ .
flow. Here the velocity was essentially zero. Again, the Young, A.T., “Rayleigh ScatteringRhysics TodayJanuary
accuracy of the velocity measured with the Rayleigh B &_98% pp.::2D-48. d Graham. C.. “The Densi
scattering system was good, with the velocity uckingham, A.D., and Graham, C., “The Density

. Dependence of the Refractivity of GaseRfoc. R. Soc.
measurements for both sets of measurements being Lond Vol. A337, 1974, pp. 275-291.
within 5 m/sec of the actual values. The Rayleigh watson, H.E., and I’?amaslwamy, K.L., “The Refractive

scattering temperature measurements, however, showed  Index Dispersion and Polarization of Gaséx’yc. R.
systematic errors on the order of 10-15 % . Itis felt that Soc. Lond Vol. A156 (1936), pp. 144-157.

the model used for the data reduction did not accurately” Gardiner, W.C. Jr., Hidaka, Y. & Tanzawa, T.,
represent the overall distribution of the collected light. “Refractivity of Combustion GasesCGomb. and Flame
It should be pointed out that no adjustable parameters ,, al Vol. 40, 1981, pp. 213-219.

. . ark, N.A., “Inelastic Light Scattering from Densit
were used in the data reduction. Only measured (e.qg, Eluctuations in DlilutlgGases Tlhg Kinetic i

Fabry-Perot interferometer mirror spacing) and known Hydrodynamic Transition in Monatomic Ga#hys.
physical parameters (e.g., air properties) were used. Rev Vol. A12, 1975, pp. 232-244.

In summary, the Rayleigh scattering measurement™ Tenti, G., Boley, C.D. and Desai,R.C., “On the Kinetic
system appears capable of making accurate velocity Model Description of Rayleigh Brillouin Scattering
measurements. However, the technique used here for from Molecular GasesCan. J. PhysVol 53, 1974, pp.

285-290.

Y Fessler, T.E., FLUID: “A Numerical Interpolation
Procedure for Obtaining Thermodynamic and Transport
Properties of Fluids”, NASA TM X-3572, 1977.

temperature measurements requires additional
development.
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Spectral amplitude
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Normalized frequency, x

Fig. 1 Rayleigh scattering spectra calculated using
Tenti S6 model for several values of they parameter.
Theratio of shear viscosity to bulk viscosity used was |
1.407, the internal specific heat was 1.0, and the ratio |
of shear viscosity to thermal conductivity was 0.2.
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Fig. 2 Fabry-Perot interferometer instrument function (b)
for free spectral range 9.84 GHz, finesse = 16, Ka =

7.168 x 10°. Fig. 3 (a) Image of Fabry-Perot instrument function;
(b) Rayleigh scattering image for T = 297 K; exposures
are 10 sec; asingle fringe is shown along with
horizontal and vertical plots of asingle row and asingle
column of pixels through the center of the fringe
patterns.
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Fig. 4 Calculated lower bounds for temperature and
velocity as function of Fabry-Perot interferometer
finesse; number photoel ectrons/pixel = 400.
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Fig. 6 Velocity of free jet measured with Rayleigh
scattering system and calculated from isentropic flow
equations.
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Fig. 5 Optical layout of Rayleigh scattering experiment.
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Fig. 7 Temperature of free jet measured with
Rayleigh scattering system and calculated from
isentropic flow equations.
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Fig.8 Temperature of low speed heated jet measured
with Rayleigh scattering and thermocouple (1 sec
exposure).
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Fig. 9 Velocity of low speed heated jet measured with
Rayleigh scattering (1 sec exposure) with zero velocity
shown as reference.
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Fig. 10 Temperature of low speed heated jet measured
with Rayleigh scattering and thermocouple (10 sec
exposure).
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Fig. 11 Velocity of low speed heated jet measured with
Rayleigh scattering (10 sec exposure) with zero velocity
shown as reference.
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Fig. 12 Effect of background level (fixed) on
temperature found from least-squares fit to Rayleigh
scattering Fabry-Perot interferometer image.
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